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Introduction

42
There is a need for high biomass production to meet growing demand for wood products.
43
Higher forest biomass production can be achieved by better silvicultural measures, including 44 addition of nitrogen (N) being the main limiting nutrient in boreal forests (Nohrstedt, 2001 ).
45
Forty years ago, this was a widely used method to increase growth, but during a period of ha -1 year -1 , with no overall significant, clear trend for a decrease (Vuorenmaa et al., 2009 ).
50
Emissions have declined, but the effect on deposition is not clear (Nyiri et al., 2009 ).
Investigations on N deposition still show much higher inputs than outputs in surface waters 52 from catchments. Furthermore, there is a clear correlation between high N deposition and high 53 leaching to watercourses (LeGall, 2012) . Additional N fertilization is thus likely to increase 54 leaching. Nitrogen is also stored in the catchment forest soils and this increasing accumulation 55 will probably also increase leaching. There are particularly high risks of leaching at sites with 56 low CN-ratios (Gundersen et al., 2006) .
58
Despite these unwanted N load effects, the needs and production objectives of forestry are leaching and acidification have also been reported (Tamm, 1991; Nohrstedt, 2001 ).
can be dealt with by adding B to the N fertilizer (Lehto & Mälkönen, 1994 being moist, the catchments also contain small mires and wet areas being thin peatlands and,
118
in GT, even a small tarn, but for long periods the deep groundwater pathways prevail and 119 form discharging surface waters.
121
The catchment size is 83 ha for GT and 45 ha for RF (Table 1) The soil in the RF catchment is dominated by mineral quartz (approx. 60%) and also includes 
Discharge
231
As the catchment area is rather small (45 ha), the average discharge is only a few litres per 232 second and there is commonly no flow at all during dry periods. Consequently, long periods
(1 week up to 4 months) of no stream flow were occasionally observed during summer and 234 early autumn.
236
After heavy rain or large snow-melt events, the peak flow sometimes exceeded 5 mm per day.
237
Discharge usually stayed low because of relatively great soil depth, large groundwater 238 reservoirs and a deep unsaturated soil water zone within most of the catchment area.
239
However, after heavy rainfall in July 2012, discharge reached 19.1 mm during one day.
240
The annual (January-December) discharge in the RF catchment during 1987-2012 varied from 241 98 mm to 457 mm (mean 231 mm). In the control GT catchment, annual discharge during was good ( Fig. 3 and 4) . In July 2012, the effects of fertilization (June 2012) were obvious, as 267 could generally be seen ( Fig. 3 and 4) . concentrations occurred especially for the first six months after fertilization (Fig. 3) . 1 yr -1 . It was the first five months after fertilization that dominated the excess outflow (Fig. 3) . (Table   292 3). In January 2013, there was a less high peak of 0.14 mg L -1 when actually the calculated 293 unfertilized concentration was 0 mg L -1 (Fig. 3) . The very highest concentration observed on a Leaching of NH 4 -N was not as high as NO 3 -N leaching, but reached a peak in the first month 298 after fertilization (Fig. 3) . The total NH 4 -N outflow for the first year was 0.6 kg ha -1 yr -1 , 15-
299
fold the background value (Table 4) . (Fig. 4) .
328
Total nitrogen outflow in the first year after fertilization was 21.7 kg ha -1 and NO 3 -N made up 329 91% and NH 4 -N less than 3%, leaving about 6% as organic nitrogen (Table 4 ). The excess total nitrogen, while NH 4 only showed a short peak in the first month after fertilization (Fig.   333 3). 
pH and base cations 343
Fertilization had only a minor influence on pH, with an initial decrease of about 0.5 pH-units, i.e. from pH ~6 to pH 5.5 (Fig. 4) . For the full one-year period after fertilization, the pH was 345 0.2 units lower than calculated for the unfertilized conditions (Table 3) , but with small and 346 insignificant changes in the last 6 months, i.e. January-June 2013.
348
Outflow of protons increased by 2.1 mg m -2 yr -1 in RF after fertilization (Table 4) . There was 349 a strong initial peak during the first month after fertilization, which relates to several 350 processes, e.g. exchange of soil adsorbed protons, oxidation of NH 4 , high groundwater levels and high discharge (Fig. 2) (Table 3 ). In the short period July-October 2012, the four months after fertilization,
360
the Ca concentration was 5.7 mg L -1 , compared with the unfertilized value of 3.0 mg L -1 , i.e.
361
2.7 mg L -1 higher. Later, the difference was smaller (Fig. 4) . outflow during the first five months was similar to that observed for several other elements 367 (Fig 4) .
369
The mean Mg concentration before fertilization was 0.59 mg L -1 , which was also the 370 calculated unfertilized value. In the first year after fertilization, the 1.5-year mean was 1.1 mg 371 L -1 , i.e. 0.5 mg L -1 higher (Table 3 ). The highest sample value was 1.7 mg L -1 in July 2012 372 compared with calculated unfertilized value of 0.6 mg L -1 , i.e. a 1.1 mg L -1 (1.8-fold) higher 373 value. As for Ca, the change decreased in the latter part of the study period (Fig. 4) . (Fig. 4) .
389
Sodium was not applied with the fertilizer but was still influenced by fertilizer application and
390
showed similar patterns to Ca and Mg, with excess outflow from the catchment. For Na, the 391 excess amount was 8 kg ha -1 yr -1 (Table 4) . (Table 3 ). This represented a 50% increase in the K 405 concentration. For the first six months after fertilization, the changes in concentration were 406 fairly stable (0.3-0.4 mg L -1 higher values), but later the difference decreased (Fig 3) . At the 407 end of the first year after fertilization, in May-June 2013, high concentrations were observed 408 both in the control area and in RF catchment stream water.
410
Potassium was not applied with the fertilizer but was still influenced by fertilizer application 411 and showed similar patterns to Ca and Mg, with excess outflow from the catchment. For K, 412 the excess amount was 2 kg ha -1 yr -1 (Table 4) .
414
Chloride, Cl and boron (B)
415 Anions, such as chloride, are also influenced by increased concentrations of cations, but the 416 concentration of chloride (Cl) was 0.1 mg L -1 lower for the first year after fertilization.
417
However the monthly changes were very small and insignificant (Table 3) and actually for the 418 very first months the concentrations were up to 0.5 mg L -1 lower (Fig. 4) . out at 5-6 g L -1 (Fig. 4) . (Table 4 ). The outflow patterns for most 438 elements were fairly similar and strongly influenced by the discharge from the catchments as 439 NO 3 -N outflow illustrates (Fig. 3) . Outflow of other chemical elements from the two 440 catchments showed decreased acidity export and increased flow of base cations and Cl (Table   441 4). Formas and later "Skogsällskapet" (an independent forestry and business partner) provided 574 funding. The forest company "Sveaskog" provided the site and carried out the fertilization.
442
575
Reference data from the GT site were available through collaboration with the SLU's 576 experimental forest in Siljansfors site. 
